Insulin resistance is associated with ectopic lipid accumulation. Physical activity improves insulin 27 sensitivity, but the impact of exercise on lipid handling in insulin-resistant tissues remains to be 28 elucidated. The present study characterizes the effects of acute exercise on lipid content and dietary 29 lipid partitioning in liver and skeletal muscle of lean and diabetic rats using magnetic resonance 30 spectroscopy (MRS). After baseline measurements, rats were randomized to exercise or no-exercise 31 groups. A subset of animals was subjected to MRS directly after 1 h of treadmill running for 32 measurement of total intrahepatocellular lipid (IHCL) and intramyocellular lipid (IMCL) content (n=7 33 lean and diabetic rats). The other animals were administered 13 C-labeled lipids orally after treadmill 34 visit (with or without exercise), followed by MRS measurements after 4 and 24 h to determine the 13 C 35 enrichment of IHCL and IMCL (n=8 per group). Total IHCL and IMCL content were 5-fold higher in 36 diabetic versus lean rats (P<0.001). Exercise did not significantly affect IHCL content, but reduced 37 IMCL by 25±7% and 33±4% in lean and diabetic rats (P<0.05), respectively. The uptake of dietary 38 lipids in liver and muscle was 2.3-fold greater in diabetic versus lean rats (P<0.05). Prior exercise did 39 not significantly modulate dietary lipid uptake into muscle, but in liver of both lean and diabetic rats, 40 lipid uptake was 44% reduced after acute exercise (P<0.05). In conclusion, IMCL but not IHCL 41 represents a viable substrate source during exercise in both lean and diabetic rats and exercise 42 differentially affects dietary lipid uptake in muscle and liver. 43 44
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Introduction 47
One of the earliest disturbances in the etiology of type 2 diabetes is insulin resistance in major 48 metabolic tissues, such as skeletal muscle and liver, which is generally accompanied by the 49 accumulation of intramyocellular and intrahepatocellular lipids (IMCL and IHCL) (12, 43, 49, 54, 60, 50 65, 85, 86) . Physical activity has been shown to be beneficial in the treatment of insulin resistance and 51 type 2 diabetes (14, 25, 51, 66) and therefore the effect of exercise on ectopic lipids has gained 52 significant interest. 53
In healthy individuals, the IMCL pool was shown to act as an important substrate source during 54 exercise (32, 68, 75, 77, 79, 83) . However, in sedentary, obese subjects and type 2 diabetes patients the 55 capacity to mobilize and oxidize IMCL during exercise appears to be reduced (4, 6, 31, 38, 55, 71, 75) . 56
In contrast to the skeletal muscle tissue lipid depots, it is less clear to what extent IHCL is being used 57 as a substrate source during physical activity or exercise. Only a few studies have evaluated the effect 58 of exercise training on IHCL content without any kind of dietary intervention, but in general they 59
indicate that regular exercise training may be effective in reducing IHCL content in obese subjects and 60 type 2 diabetic patients (1, 7, 33, 69, 72) . However, the response of IHCL content to acute exercise 61 remains elusive. In healthy rodents, acute exercise of moderate intensity with a duration of up to 1 h 62 does not seem to affect IHCL content (10, 11, 26, 30) . In contrast, exhaustive exercise in rats was 63
shown to lead to a decrease in IHCL content in one study (68), but to an increase in another (26) . 64
Similarly, there are contrasting findings on the effects of acute exercise on IHCL content in healthy 65 humans, showing either no effect (34) or an increase (8, 20) . Besides differences in exercise intensity 66 and duration, also variations in baseline IHCL content might be responsible for these different findings, 67 as exercise seems more effective in reducing IHCL under conditions when baseline liver fat stores are 68 increased (11, 47) . However, data on the response of IHCL content to acute exercise in diabetic 69 conditions is greatly lacking. 70
Although it is well-known that dietary fat intake after exercise strongly promotes IMCL 71 repletion (17, 18, 79) , little is known about the effect of prior exercise on the partitioning of dietary fat 72 into different tissues. Moreover, it is not clear whether postprandial lipid trafficking after exercise is 73 altered in insulin-resistant conditions. However, knowledge on the metabolic fate of dietary fat in 74 insulin-resistant skeletal muscle and liver after exercise is important to understand the effects of long-75 term exercise on ectopic lipid accumulation in type 2 diabetes patients. 76
In the present study, we applied magnetic resonance spectroscopy (MRS) and tibialis anterior (TA) muscle at baseline. Three days after MRS experiments at baseline, rats were 101 placed on a treadmill (1055MSD-E52 Exer-3M Open Treadmill with shocker, Columbus Instruments, 102
Columbus, OH, USA) for familiarization, initially without turning on the running belt and shocker. 103
After 15 minutes, they ran for 10 minutes at 10 m/min with the shocker set to 2.9 mA. Next, rats were 104 randomized to an exercise group (n=15 fa/+ and n=15 fa/fa rats) or a no-exercise group (n=8 fa/+ 105 (LEAN NO_EXE ) and n=8 fa/fa (DIABETIC NO_EXE ) rats) to determine the effects of acute exercise on 106 total IHCL and IMCL content and postprandial lipid partitioning in liver and muscle. The day after 107 familiarization, rats in the no-exercise groups were placed in the treadmill for one hour, with the speed 108 set to 0 m/min and the shocker to 2.9 mA, while rats in the exercise groups ran for 10 min at 10 m/min, 109 followed by 40 min at 12.5 m/min and finally 10 min at 10 m/min (total of 1 h), with the shocker set to 110 2.9 mA. Directly after the treadmill visit, n=7 fa/+ (LEAN EXE_NO_SUB ) and n=7 fa/fa 111 (DIABETIC EXE_NO_SUB ) rats of the exercise groups were subjected to MRS experiments without the 112 administration of 13 C-labeled substrate to analyze the direct effect of a single bout of exercise on total 113 IHCL and IMCL content, which was repeated after 24 h. 114
For the assessment of liver and skeletal muscle postprandial lipid handling after exercise, rats in 115 the no-exercise groups (LEAN NO_EXE and DIABETIC NO_EXE ) and the remaining n=8 fa/+ (LEAN EXE ) 116 and n=8 fa/fa (DIABETIC EXE ) rats in the exercise groups were administered 1.5 g [U- United States) orally directly after the treadmill visit. In these rats, no MRS measurements were 120 performed directly after treadmill visit, as the anesthesia would affect the digestion and uptake of 121 dietary lipids. After the administration of 13 C-labeled lipids, rats were refrained from food intake for 4 122 h and then subjected to MRS experiments. Between 4 and 24 h, fa/fa rats were pairwise fed with fa/+ 123 rats and therefore all rats had access to an equal amount of chow. Final MRS experiments were 124 performed at 24 h after treadmill visit. 125
Blood samples were taken from the vena saphena directly after the treadmill visit and during 126 each MRS experiment, and were used for the determination of plasma glucose, non-esterified fatty-acid 127 (NEFA) and triglyceride (TG) concentrations, and plasma fatty acid (FA) enrichment. At the end of the 128 MRS measurement at the 24 h time point, the anaesthetized animals were killed by incising the vena 129 cava inferior. 130
131

MRS experiments 132
During MRS experiments, animals were anaesthetized using 1.5-2.5 % isoflurane (IsoFlo®; Abbott 133 Laboratories Ltd, Maidenhead, Berkshire, UK). Body temperature was maintained at 37 ± 1 ˚C using 134 heating pads. Respiration was monitored using a pressure sensor registering thorax movement (Rapid 135 Biomedical, Rimpar, Germany) and the respiration period was maintained between 800 and 1200 ms. 136
All MRS experiments were performed on a 6.3 T horizontal Bruker MR system (Bruker, Ettlingen, 137 Germany). In each rat, also in the animals that did not receive measurements and can therefore also be used to determine total IHCL/IMCL levels (see below). Water 148 suppression was achieved using SWAMP (sequence for water suppression with adiabatic modulated 149 pulses) (16). An unsuppressed water spectrum, consisting of 16 averages, was recorded from the same 150 voxel and was used as internal reference. Other LASER-POCE parameters were as follows: repetition 151 time=2000 ms, echo time=26.8 ms, POCE echo time=7.9 ms, number of data points=640, WALTZ-16 152 13 C decoupling, and total scan time=34 min. 153
154
MRS data analysis 155
Spectra from the 32 LASER-POCE experiments with and without the 13 C-editing pulse were added 156 separately, and the difference spectrum was calculated using Matlab (R2009b, Mathworks, Natick, MA, 157 USA). Water and IHCL/IMCL methylene (IHCL-CH 2 /IMCL-CH 2 signal at 1.3 ppm) peak areas were 158 quantified from the unsuppressed and suppressed spectra, respectively, using the jMRUI software 159 package (81) as described previously (15 
Plasma analysis 166
Glucose concentrations were determined in blood using an automatic glucometer (FreeStyle, Abbott, IL, 167 USA). For plasma NEFA and TG concentration analyses, blood samples were collected in paraoxon-168 coated capillaries (to prevent TG hydrolysis) (87) and centrifuged for 10 min at 1000 g. Plasma 169
aliquots were then frozen in liquid nitrogen and stored at -80 ˚C for analyses using the NEFA-HR(2) kit 170 (Wako Chemicals, Neuss, Germany) and the serum triglyceride determination kit (Sigma-Aldrich, 171
Zwijndrecht, The Netherlands), respectively. C-labeled lipid administration) as the within-subjects factor, and genotype 179 (lean and diabetic rats) and treadmill use (no-exercise and exercise) as between-subjects factors. 180
Bonferroni corrections were applied when appropriate. In case of a significant interaction term between 181 factors, the effect of time was analyzed using one-way ANOVA or paired Student's t tests (for 13 
C-182
labeled IMCL and IHCL), and differences between lean and diabetic rats, and no-exercise and exercise 183 were detected by unpaired Student's t tests. Statistical analyses were performed using the IBM SPSS 184 statistics 19 software package (SPSS, Inc.; Chicago, IL, USA). The level of significance was set at 185
P<0.05. 186 187
Results 188
Animal characteristics 189
Body and liver weight data of rats that did not receive 13 C-labeled substrate (LEAN EXE_NO_SUB and 190 DIABETIC EXE_NO_SUB ) are shown in Table 2 , and data of rats that did receive 13 C-labeled substrate 191 (LEAN NO_EXE , LEAN EXE , DIABETIC NO_EXE , and DIABETIC EXE ) are shown in Table 3 . At baseline, 192 body weight of diabetic rats was higher than that of lean rats (P<0.05; Tables 2 and 3 ). The treadmill 193 visit resulted in a decrease in body weight in all groups, but body weight loss was greater in diabetic 194 than in lean rats (P<0.05; Tables 2 and 3 ) and, moreover, it was greater in the exercise groups than in 195 the no-exercise groups (P<0.05; Table 3 ). Liver weight of diabetic rats was ~60% higher than that of 196 lean rats (P<0.05; Tables 2 and 3) . 197
198
Plasma analyses 199
Plasma glucose concentrations of rats that did not receive 13 C-labeled substrate are shown in Table 4 . 200
Results of plasma glucose, NEFA and TG concentration analyses from rats that did receive 13 C-labeled 201 substrate are presented in Table 5 . Diabetic rats had elevated plasma glucose levels when compared 202 with lean rats at every time point, independent of treadmill use (P<0.001; Tables 4 and 5). In both lean 203 and diabetic rats, plasma glucose was not significantly altered directly after treadmill visit (Tables 4  204   and At baseline, plasma NEFA concentrations tended to be higher in diabetic rats when compared 209 with lean rats (P=0.06; Table 5 ). While at baseline plasma NEFA levels were lower in exercise groups 210 compared with no-exercise groups, directly after the treadmill visit plasma NEFA concentrations were 211 higher in exercise groups compared with no-exercise groups, independent of genotype (P<0.05; Table  212 5). At 24 h post treadmill visit, plasma NEFA concentrations had returned to baseline levels in all 213 groups. Plasma TG concentrations were elevated in diabetic rats when compared with lean rats 214 (P<0.001), but were not significantly affected by treadmill use (Table 5) . 215 and DIABETIC EXE_NO_SUB ). IHCL and IMCL content were 4.7-and 4.8-fold higher in diabetic rats 229 compared with lean rats (P<0.001), respectively, independent of time point. Interestingly, in both lean 230 and diabetic rats total IHCL content was not significantly affected by a single bout of treadmill running 231 (P=0.15). However, directly after treadmill running, total IMCL content was decreased by 25±7% in 232 lean (P<0.05) and by 33±4% in diabetic (P<0.01) rats when compared with baseline. At 24 h post 233 exercise, total IMCL contents had returned to baseline levels in both lean and diabetic rats (P<0.05 234 compared with post exercise). 235
In Figure 4 , total and 13 C-enriched IHCL and IMCL contents are presented for rats that did 236 receive 13 C-labeled lipids directly after treadmill visit (LEAN NO_EXE , LEAN EXE , DIABETIC NO_EXE , and 237 DIABETIC EXE ). In these groups, MRS measurements were performed at baseline and 4 and 24 h after 238 treadmill visit. Similar to the data of the rats that did not receive 13 C-labeled substrate ( Figure 3A) , total 239 IHCL content in rats that did receive 13 C-labeled lipids was not significantly affected by exercise, also 240 not after 4 h ( Figure 4A ). Whereas total IMCL content was decreased directly after exercise in both 241 lean and diabetic rats ( Figure 3B) , at 4 h after exercise IMCL content in lean rats was not significantly 242 different from baseline (P=0.43) or between exercise and no-exercise groups (P=0.89; Figure 4B ). 243
However, in diabetic rats total IMCL content at 4 h after exercise was still lower compared with the 244 measurement at 24 h after exercise (P<0.001). 245 The first objective was to characterize to what extent intracellular lipids in skeletal muscle and liver are 266 being used as a substrate source during exercise. At baseline, total IMCL and IHCL content were 267 substantially higher in diabetic than in lean rats. Directly after one hour of treadmill running, IMCL 268 depots of both lean and diabetic rats were significantly reduced. In contrast, physical activity did not 269 seem to affect the IHCL depots. The second objective was to investigate to what extent prior exercise 270 affected dietary lipid uptake. In line with total lipid content, dietary lipid uptake in both skeletal muscle 271 and liver was substantially higher in diabetic rats when compared with lean rats. However, prior 272 exercise did not significantly affect postprandial lipid uptake in skeletal muscle of both lean and 273 diabetic rats. In contrast, dietary lipid uptake in the liver in the early postprandial period was 274 significantly reduced after acute exercise both in lean and diabetic rats. 275
We used the ZDF rat as an animal model of type 2 diabetes. Between 8 and 10 weeks of age, 276 fa/fa rats progress from a normoglycemic-hyperinsulinemic to a hyperglycemic-hyperinsulinemic state 277 (13, 21) . In this study, we confirmed that 12-week old fa/fa rats developed overt type 2 diabetes, 278 characterized by elevated plasma glucose and TG levels in the fed state (Tables 4 and 5 ). Heterozygous 279 fa/+ rats remained normoglycemic and served as healthy controls (13, 21) . The manifestation of 280 diabetes in fa/fa rats is secondary to a genetic mutation in the leptin receptor. Leptin or leptin receptor 281 deficiency is however not an important contributor to type 2 diabetes in humans and, therefore, 282 although the ZDF rat is extensively used as an animal model of type 2 diabetes, it does not exactly 283 reflect disease etiology in human diabetes patients (82), which is a limitation of the study. 284
Type 2 diabetes has been associated with an increased IMCL content in both animal (13, 36, 42, 285 44, 84) and human studies (38, 43, 52, 54, 76) . This was confirmed in the present study, as we observed 286 markedly elevated IMCL stores in diabetic rats when compared with lean rats (Figures 3B and 4B) . 287
The IMCL pool has been shown to act as a dynamic fuel with an increase in its mobilization and 288 subsequent oxidation during physical activity in lean individuals and animals (8, 20, 30, 32, 67, 68, 75, 289 77, 79, 83) . In line with these findings, the present study demonstrated that directly after cessation of 290 exercise, the IMCL depot of lean rats had been reduced by 25±7% ( Figure 3B ). Although literature 291
suggests that the capacity to use IMCL is impaired in sedentary, obese subjects and type 2 diabetes 292 patients (4, 6, 31, 38, 55, 71, 75) , the present study showed a similar relative reduction (33±4%) in the 293 IMCL depot following exercise in the diabetic rats ( Figure 3B ). In absolute terms the use of IMCL as a 294 substrate source was even higher in the diabetic rats when compared with the lean controls. Therefore, 295 diabetic rats did not show an impaired capacity to utilize the IMCL depot as a substrate source during 296 exercise. This may be attributed to the relatively normal plasma NEFA levels in the diabetic rats (Table  297 5) as opposed to the substantially elevated plasma NEFA levels in obese, type 2 diabetes patients (58, 298 64). It has been shown that elevated plasma NEFA levels inhibit the capacity to mobilize, and as such, 299 oxidize the IMCL stores (78, 80) . 300
In agreement with previous observations (36, 41, 68, 70), we observed a substantially higher 301 IHCL content in diabetic rats when compared with lean rats (Figures 3A and 4A ). To date, reports on 302 the acute effects of exercise on IHCL content are inconsistent (8, 10, 11, 20, 26, 30, 34, 68) and it 303
remains unclear to what extent IHCL is used as a substrate source during exercise. We observed that a 304 single bout of exercise does not reduce IHCL content in both lean and diabetic rats ( Figures 3A and  305 4A), suggesting that IHCL is not being used as a readily available fuel source to provide energy during 306 physical activity. These findings confirm previous studies in healthy rodents reporting that acute 307 exercise of moderate intensity with a duration of up to 1 h does not seem to affect IHCL content (10, 11, 308 26, 30) . Interestingly, longer bouts of exercise have been shown to increase IHCL content (8, 20, 26) . It 309 could be speculated that longer exercise bouts stimulate an increase in IHCL storage through a 310 consistent elevation of plasma NEFA levels secondary to prolonged exercise, similarly to the effects 311 observed during fasting conditions (73). Analogously, in humans, IMCL content was shown to increase 312 in inactive muscle tissue following prolonged exercise, which was attributed to the increased plasma 313
NEFA flux (61). 314
Data on the response of IHCL content to acute exercise in diabetic conditions is greatly lacking. 315
It has been suggested that exercise is more effective in reducing IHCL under conditions when baseline 316 liver fat stores are increased (47) and previous studies showed that a single bout of exercise decreases 317 IHCL content in high-fat diet fed rats (11, 68). However, in the current study acute exercise did not 318 significantly affect IHCL content in either lean or diabetic rats and therefore baseline IHCL levels do 319 not seem to modulate the effect of acute exercise on IHCL content. 320
Most exercise studies have focused on the depletion of IMCL during exercise, but fewer data 321 are available on post-exercise IMCL repletion. In the present study, we observed replenishment of the 322 IMCL pool back to baseline levels within 24 h of post-exercise recovery for both lean and diabetic 323 animals ( Figure 3B ). Although it is well-known that dietary fat intake after exercise strongly promotes 324 IMCL repletion (17, 18, 79) , little is known about the effect of prior exercise on the uptake of dietary 325 fat into skeletal muscle tissue. Moreover, it is not clear whether postprandial lipid trafficking after 326 exercise is altered in insulin-resistant conditions. To investigate the metabolic fate of dietary lipids after 327 cessation of exercise, 13 C-labeled lipids were orally administered following one hour of treadmill visit. 328
In the early postprandial period, lipid uptake in muscle of diabetic rats was 2.3-fold higher when 329 compared with lean rats (Figure 4D ), independent of treadmill use. This is in accordance with previous 330 reports of increased muscle lipid uptake in diabetic rats by our lab (36) and in patients with type 2 331 diabetes (2, 38, 57) during postprandial conditions. In contrast to lean rats, 13 C-labeled IMCL in the 332 diabetic rats did not significantly decrease between 4 and 24 h after treadmill visit and the 333 administration of 13 C-labeled lipids, suggesting that IMCL turnover is reduced in diabetic rats at rest. 334
These data are in accordance with previous reports of reduced lipid oxidation in insulin-resistant and 335 type 2 diabetic muscle (3, 5, 6, 9, 24, 36-39, 46, 48) . 336
Despite the observed declines in total IMCL contents during exercise and the subsequent 337 replenishment of the total IMCL pools, we did not observe an elevated incorporation of dietary lipids 338 into the IMCL depots after cessation of exercise in either lean or diabetic rats ( Figure 4D ). These 339 results are in contrast with a recent study of Hansen et al. (27) , showing that prior acute exercise 340 resulted in a greater trafficking of dietary fat to oxidative tissues, i.e. skeletal muscle, in healthy rats. 341
The increased uptake of dietary fat into muscle after exercise was explained by the transient 342 upregulation of muscle lipoprotein lipase (LPL) expression and activity upon exercise (29, 53, 62, 63) . 343 However, it was also shown that the uptake of dietary fat is not the same for different muscles and that 344 it is higher in more oxidative muscles. Therefore the effects of exercise on muscle LPL expression and 345 activity seem to be muscle fiber type dependent, which could explain the absence of an effect of prior 346 exercise on dietary lipid uptake in the more glycolytic TA muscle in the current study (15) . 347
Uptake of dietary lipids into the liver was 2.3-fold greater in diabetic rats than in lean rats in the 348 early postprandial period ( Figure 4C ). Additionally, liver weights were ~60% higher in diabetic rats 349 when compared with lean rats, resulting in an even larger difference in total dietary lipid uptake by the 350 liver. These results are in accordance with previous observations of elevated lipid uptake in insulin-351 resistant and diabetic liver (3, 28, 36, 46, 49, 57) . During periods of high lipid influx, such as during the 352 immediate postprandial period, the liver acts as a systemic lipid buffer by taking up NEFA from the 353 spillover pathway and chylomicron remnants, which are later re-secreted back into the circulation as 354 very low-density lipoproteins (22, 45) . It has been suggested that in the insulin-resistant state, a greater 355 proportion of meal derived fatty acids may be handled by the liver in the postprandial period (45). 356
In contrast to skeletal muscle, prior exercise did affect the uptake of dietary lipids in the liver. 357
We observed that both in lean and diabetic rats dietary lipid uptake in the liver in the early postprandial 358 period was reduced after acute exercise by 44% ( Figure 4C ). This result is in contrast to Hansen et al. 359 (27) , who showed no effect of prior exercise on dietary lipid uptake in the liver of healthy rats. During 360 exercise, hepatic FA uptake is known to be decreased despite increased plasma NEFA levels (40), 361 which may be attributed to a redistribution of blood flow away from the liver. However, in the early 362 recovery phase after exercise both hepatic blood flow (50) and hepatic FA re-esterification (74) were 363
shown to be increased. It can be speculated that directly after exercise the increased influx of adipose 364 tissue-derived NEFA into the liver suppresses the uptake of diet-derived FAs, which may explain our 365 observation of reduced dietary lipid uptake in the liver at 4 h after the cessation of exercise. However, 366 13 C enrichment of plasma FAs was not significantly affected by exercise, implying that the reduced 367 dietary lipid uptake is not simply caused by a greater dilution of the dietary 13 C-labeled lipids. 368
In conclusion, IMCL but not IHCL represents a viable substrate source during exercise in both 369 lean and diabetic rats. Despite the decline in IMCL during exercise and the subsequent replenishment 370 during recovery, prior exercise did not augment the uptake of dietary lipids into skeletal muscle. In 371 contrast, in the liver of both lean and diabetic rats dietary lipid uptake was significantly reduced after 372 acute exercise. Jonkers RA, van Loon LJ, Nicolay K, and Prompers JJ. In vivo postprandial lipid 477 partitioning in liver and skeletal muscle in prediabetic and diabetic rats. Body weight at baseline (g) 321 ± 6 341 ± 3 388 ± 11 * 362 ± 7 * $ Δ Body weight (g) -3.6 ± 0.6 -6.6 ± 0. 
